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ABSTRACT: The determination of the acid-base dissociation constants, and thus the pK, values, of a-keto acids such as pyruvic acid is
complex because of the existence of these acids in their hydrated and nonhydrated or oxo state. Equilibria involved in the hydration and
dehydration of the a-keto group of pyruvic acid and three other a-keto acids, 3-methyl-2-oxobutanoic acid, 4-methyl-2-oxopentanoic
acid, and 2-oxo-2-phenylacetic acid, were investigated by proton and carbon nuclear magnetic resonance spectrometry, at constant ionic
strength, 0.15, and 25°C. Dissociation constants for the oxo (pK,>°) and hydrated (pK,™) acids of each compound were estimated from
the change in the degree of hydration with changes in pH and directly from the changes in chemical shifts of various hydrogen and
carbons nuclei with pH. a-Keto acids showed greater hydration in their acidic forms than their carboxylate forms. The degree of hydration
was sensitive to steric and electronic/resonance factors. As expected, the oxo forms of the acids were stronger acids compared with their
hydrated analogs, and their dissociation constants were also sensitive to steric and electronic factors. © 2015 Wiley Periodicals, Inc. and

the American Pharmacists Association J Pharm Sci
Keywords:
property relationship; non-linear regression

INTRODUCTION

The objective of this study was to determine the acid—base dis-
sociation constants of the oxo, or nonhydrated, and hydrated
forms, and thus their pK,”° and pK,™? values, respectively,
and the hydration equilibrium constants of a series of a-keto
acids 1-4 (Scheme 1) using both proton and carbon, nuclear
magnetic resonance (NMR) spectrometry to follow the integra-
tion and shifts of various atoms in the molecules affected by
changes in pH values.

Pyruvic acid (1) readily reacts with hydrogen peroxide to
form acetic acid and carbon dioxide, and a-keto acids are of ma-
jor importance in intermediary metabolism and as components
of the Krebs cycle.! Pyruvic acid plays an important role in vivo
metabolic pathways, such as gluconeogenesis, transamination,
and fermentation. It can be involved in enzyme-catalyzed intra-
cellular phenomena? and converted into fatty acids or energy
through acetyl-CoA. «-Keto acids are used as model substrates
of enzymes and in the development of enzyme inhibitors.? They
have been used to treat some pathological conditions,*® and
are of interest as biosynthetic precursors’ and intermediates
in the syntheses.®

For many drugs and biological molecules,? including a-keto
acids, the apparent acid-base dissociation constant, K,, and
thus their pK, value, is an important physicochemical char-
acteristic thought to be associated with biological activity and
chemical reactivity and stability. It is known that most a-keto
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acids can exist in an equilibrium between their oxo form and
as their hydrated, gem-diol (Scheme 1) form, depending on the
electron-withdrawing or -donating properties and steric effects
of the groups adjacent to the a-keto group, the center of the nu-
cleophilic water addition reaction.!® Several values have been
reported for the pK, of pyruvic acid (2.4 &+ 0.2) and some other
a-keto acids. The values represent composite values and reflect
the acidities and the relative concentrations of the hydrated
and oxo forms of the acids.!!

The pK, of the nonhydrated acid, oxo or keto form, is not
readily measured directly but can be determined from knowl-
edge of the equilibrium of hydration of the protonated and de-
protonated forms and the apparent macroscopic pK, or pK,°>
values.'>1? A number of techniques have been used for the de-
termination of the degree of hydration and the measurement of
pK. values of a-keto acids. NMR spectrometry represents the
most powerful and unique of these techniques. Here, NMR was
used to investigate and determine the equilibrium constants
for hydration, and the pK,°° and pK,"™? values of a-keto acids
1-4 (Scheme 1).1° By following the shifts of selected protons and
carbons'* as a function of pH for both the acids, hydrated and
oxo forms, the pK,** and pK,™? values could be determined
directly.

MATERIALS AND METHODS
Materials

All the keto acids (Scheme 1) were purchased as their sodium
salt, except 2-ox0-2-phenyl acetic acid (4), from Sigma—Aldrich
(Milwaukee, Wisconsin), as was deuterium oxide (99.96%).
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0 K,O%0 (0] Tetramethylsilylpropionate (TMSP-d4) was purchased from
)S( OH O@ + H @ Cambridge Isotopes Laboratories (Tewksbury, Massachusetts),
R = R and methanol HPLC grade from Sigma-Aldrich were used as
an internal and external standard for the NMR studies, re-

O ¢ spectively. Deionized water was used to prepare all the NMR

samples. HC1 37% A.C.S. reagent was purchased from Sigma—

K,,0%0 ion Aldrich and NaOH 10 N was purchased from Fischer Scientific
: -H0| +H0 -H0 | +H0 K (Pittsburgh, Pennsylvania).
OH v OH Methods

MOH o @ ©, The initial concentration of the acids used in the NMR sam-
R = R + H ples was 150 mM in a volume of 0.5 mL of solvent (9:1, v/v,
HO HO H;0-D,0). All spectra were acquired using 5 mm NMR tubes.
o o The a-keto acid solutions were titrated to the desired pH using
concentrated hydrochloric acid and/or sodium hydroxide such
o that the final ionic strength was 0.15 with sodium chloride.
Ri==CH (Lpsruvic aeid The pH of each sample was measured directly in the NMR tube
-CH(CHa), (2) 3-methyl-2-oxobutanoic acid using a 5-mm pH electrode purchased from Wilmad Labglass
(Vineland, New dJersey). No correction was made for the deu-
-CHoCH(CHg), (3) 4-methyl-2-oxopentanoic acid terium isotope effect. The samples were stable during the anal-
@ (4) 2-0x0-2-phenylacetic acid ysis and no variation in spectra and pH values was observed

when the runs were repeated.

Sch L. Tonizati d hvdrati Jibria of vari Kot One-dimensional 'H and *C NMR spectra for compounds
cheme 1. ‘omization and hydration equiibria ol various @-Xeto 3 4 were acquired on a 400 or 500 MHz Bruker (Rheinstet-

acids, 1-4, in aqueous solution. . .
ten, Germany) spectrometer equipped with a X-channel observe
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Figure 1. H NMR spectra (9:1, v/v, Hy0:D50) of the methyl resonances of pyruvic acid (1, oxo form and its hydrate) at various pH values, 4.6,
2.7, and 0.9 (top to bottom on the left). Observed chemical shifts (d,ps) of the signals arising from the methyl hydrogens associated with the oxo
and hydrated forms of 1 plotted against pH (right). The two continuous lines with a sigmoidal shape are described by Eq. (14), fitting &,,s values
at different pH values.
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Figure 2. 12C NMR spectra of pyruvic acid (1, oxo form and its hydrate) at different pH values, 5.4, 2.3, and 0.9 (top to bottom on the left).
Observed chemical shifts (§,s) of the signals arising from the carbon in position 1 associated with the oxo and hydrated forms of 1 plotted against
pH (right). The two continuous lines with a sigmoidal shape are described by Eq. (14), fitting ,ps values at different pH values.

quadruple nuclei probe or carbon-enabled cryoprobe, respec-
tively. Sample temperature was set to 25°C.

Quantitative 1*C NMR spectra'® for compounds 4 were ac-
quired using the inverse gated 'H decoupling pulse sequence.'®
To insure the integrals are quantitative, the interscan delay is
set to 75 s, which is greater than 5*T; as determined using the
inversion recovery experiment.'® Data were processed with the
software MestreNova (MestreLab Researcher, S. L., Santiago
de Compostela, Spain).

Chemical shifts were referenced to the internal standard,
TMSP-d4, or to the external standard methanol. The relative
amount of the hydrated and nonhydrated keto acids was de-
termined using the relative peak area measured by the global
spectral deconvolution algorithm implemented in MestreNova
software.!”

Data Fitting

Data fitting to estimate limiting hydration constants and
K, values was performed using GraphPad/Prism version 6.0
(GraphPad Software, La Jolla, California). Nonlinear least-
squares regression analysis, choosing relative weighting (in or-
der to minimize the weighted sum-of squares), was used to ob-
tain best-fit values of the parameters described later in Egs. (7)
and (14).

RESULTS AND DISCUSSION

The reversible hydration of a series of a-keto acids 1-4 and
their equilibria involved in ionization protonation of the oxo
and hydrated forms (Scheme 1) in aqueous solution were

DOI 10.1002/jps.24539

investigated using 'H and *C-NMR techniques. The hydra-
tion and dehydration kinetics, although fast, are considered in
“slow exchange” on the NMR time scale, meaning that the life-
time of each species is longer than the amount of time required
to distinguish them, which equals the inverse of their chem-
ical shift difference in Hz (on the order of milliseconds on a
400 or 500 MHz spectrometer). Thus, one is able to see peaks
in the NMR spectrum corresponding to both the hydrated and
nonhydrated species.

The 'H NMR spectra of pyruvic acid in aqueous solutions at
25°C are shown in Figure 1 at pH values 0.9, 2.7, and 4.6.

Each spectrum shows two peaks at around 1.5 and 2.4 ppm,
which are the expected signals for the methyl protons of pyru-
vic acid corresponding to the hydrated and oxo forms, respec-
tively. The relative positions of the peaks are in agreement with
this assignment inasmuch as the shielding of the methyl pro-
tons of the oxo would be predicted to be smaller than that for
the corresponding methyl protons in the hydrated form. At pH
0.9, a higher fraction of the hydrated form exists than at pH
2.7 and 4.6. That is, the degree or fraction hydrated signifi-
cantly decreased following the overall ionization of the a-keto
acids to their deprotonated or carboxylate form. The 'H NMR
spectrum at different pH values also shows that the observed
chemical shift (8,,s) values of the peaks associated with both
forms decreased following the ionization of the two forms of
the acid. That is, the protonated and nonprotonated forms are
in fast exchange on the NMR time scale, meaning that one
sees a weighted average, rather than individual peaks. The
kinetics of this reaction must be much faster than hydration
reaction.

Lopalco et al., JOURNAL OF PHARMACEUTICAL SCIENCES
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Figure 3. 'H NMR and 3C NMR of compound 2 at pH values at approximately 0.8 and 0.9, respectively (left). Observed chemical shifts (8g)
of the signals arising from the tertiary hydrogens and the carbon in position 1 associated with the oxo and hydrated forms of 2 plotted against
pH (right). The four continuous lines with a sigmoidal shape are described by Eq. (14), fitting §,ps values at different pH values.

The ¥C NMR spectra of pyruvic acid in aqueous solutions at
25°C are shown in Figure 2 at pH values 0.9, 2.3, and 5.4.

Each spectrum shows six peaks, which are the signals for the
CHj3 carbons (28 and 29 ppm) of the hydrated and oxo forms,
respectively: the carbon in position 2 (96 ppm) for the hydrated
form; the carbon in position 1 (170 ppm) of the oxo form; the
carbon in position 1 (184 ppm) for the hydrated form; and the
carbon in position 2 (200 ppm) associated with the oxo form.
Figure 2 shows that the ionization of the a-keto acid (oxo and
hydrated forms) occurs simultaneously with a downfield shift of
the carbon signals, more evident for the a-carbon and carboxylic
carbon peaks than for the CH; carbon peaks.

Note, 'H and '*C NMR studies for pyruvic acid were con-
ducted at pH values below 6 in order to avoid a degradation
reaction seen at higher pH values. Investigations in our lab-
oratories showed that an aldol-like condensation with a sec-
ond molecule of pyruvic acid to form a dimer and subsequent
oligomers occurred rather rapidly at neutral and alkaline pH
values. This will be the subject of a later paper.

The 'H and '*C NMR spectra of a-keto acids 2 and 3 at
different pH values showed the appearance of the peaks arising
from the hydrogens and carbons (Figs. 3 and 4) associated with
the hydrated and oxo forms. It can be seen that at different pH

Lopalco et al., JOURNAL OF PHARMACEUTICAL SCIENCES

values the observed chemical shifts (§,,s) values of the peaks
associated with both forms changed following the ionization.

From the analysis of the !H NMR of compounds 1-3, it
was possible to determine the degree of hydration at different
pH values, using the relative peak area of methyl hydrogens
for 1 and 2 and the peak area of the alkyl chain hydrogens
[-CH,;CH(CHj);] for 3 associated with the oxo and hydrated
form.

The observed equilibrium constants of hydration (Ky) for
compounds 1-3 were determined by measurements of their de-
grees of hydration at different pH values, by the integrated
relative area of the protons resonance of the hydrated and oxo
forms, Eq. (1):

Integration of peak of protons Ppyq o

H= Integration of peak of protons P,

where Ppyq and P, are the hydrated and oxo forms of each
compound.

Figure 5 shows the plots of the changes in Ky with chang-
ing pH values of compounds 1-3. The protonated forms of each
compound are more hydrated than their respective carboxy-
lated forms. Pyruvic acid (1) appeared more hydrated than

DOI 10.1002/jps.24539
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Figure 4. 'H NMR and 13C NMR of compound 3 at pH values at approximately 1.8 and 0.8, respectively (left). Observed chemical shifts (Sops)
of the signals arising from the methylene hydrogens and the carbon in position 1 associated with the oxo and hydrated forms of 3 plotted against
pH (right). The four continuous lines with a sigmoidal shape are described by Eq. (14), fitting s values at different pH values.

compounds 2 and 3 both in their protonated (Ky°*°, defined
below) and deprotonated (Ky'°", defined below) forms (Table 1).

Dissociation constants (K,) for compounds 1-3 in hydrated
and nonhydrated form were then estimated from the determi-
nation of their hydration equilibrium constants as a function of
solution pH changes (Table 1) as follows.

From the Scheme 1, the two equilibrium constants of hydra-
tion for the protonated (HA) and deprotonated (A~) forms of
each compound can be defined by Egs. (2) and (3):

oo HAnydl
1= THA ] @
ion __ [A}:}’d]
1 A ®

and the dissociation constants for the oxo and hydrated forms
can be defined by Egs. (4) and (5):

(A
KOXO — '0X0 4
T T HA) @
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" T A )

where [HAyyq] and [Ajyq] are the concentrations of protonated
and deprotonated hydrated form and [HA,] and [Ag,] are
the concentrations of protonated and deprotonated oxo form,
respectively.

The hydration equilibrium is pH dependent; thus, the
changes in hydration determined by NMR then determine the
overall apparent dissociation of the acids. At various pH val-
ues, the observed equilibrium constants of hydration of com-
pounds 1-3 require one to consider the contribution of each
species in solution, hydrated and oxo forms, protonated and
deprotonated, respectively, as defined in Scheme 1 and by
Eq. (6):

_ [HAnyal + [A} 4]

= HAue] + Ag] ©

H

The observed equilibrium constant of hydration can also
be expressed as a function of [H] and the acid dissociation

Lopalco et al., JOURNAL OF PHARMACEUTICAL SCIENCES
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Figure 5. Observed hydration equilibrium constants (Ky) for compounds 1-3 plotted against pH. The continuous lines with a sigmoidal shape

are described by Eq. (7), fitting Ky values at different pH values.

constant for the oxo form by Eq. (7):

_ [H+]Kg(o +K1§anXO

N DY T @

The dissociation constant of oxo form can be determined from
the determination of the observed equilibrium constants of hy-
dration at different pH values from a fit to Eq. (7).

The dissociation constant for the hydrated form of com-
pounds 1-3 can then be calculated from Eq. (8):

0X0 JZion
KoK

hyd __
Ka - Koxo
H

€]

The oxo form of each compound is a stronger acid than the hy-
drated form. The values for all the constants using this method
are reported in Table 1.

Dissociation constants of a-keto acids 1-3 were also deter-
mined by chemical shift of the signals arising from methyl, me-
thine, and methylene hydrogens, respectively (Figs. 1, 3, and
4) and from measurements of the chemical shift arising from

carbon in position 1 (Figs. 2—4 and 6) and position 2 of the oxo
and hydrated forms at different pH values.

The pK, value for each species can be determined from plots
of the observed chemical shift (&,,s) versus the pH using fits
to the appropriate equations as follows. The observed chemical
shift of a 'H or '*C NMR resonance can be expressed as the
weighted average of the limiting chemical shift values, where
the weighing factors are the pH-dependent mole fractions (f).
The chemical shift versus pH data can be fitted using Eq. (9):

Oobs = fHAOHA + A~ Oa- 9)

where f and 0 are the fraction and the chemical shift of proto-
nated form (HA), and deprotonated form (A~), respectively, of
both oxo and hydrated forms. The mole fractions fis and fa~
are described by Egs. (10) and (11):

[HA]

Al + A (10

fua =

Table 1. Ky and pK, Values + Standard Error (SE) for 1-4 at 25°C, Ionic Strength 0.15

Compound pK,%% + SE¢ pK,d + SE* Ky°° + SE® Kyl + SE¢ pK,* + SE? pK,d + SE?  pK,°*° + SE¢  pK,™d + SE¢
1 1.79 £ 0.06 3.234+0.04 2353 +0.000 0.087+0.002 1.70 + 0.09 3.27+0.04 1.71 + 0.04¢ 3.25 + 0.03¢
1.72 + 0.04°  3.29 + 0.02¢
1.64 + 0.0247 3.24 4+ 0.03%/
1.65 + 0.04¢/ 3.26 + 0.03¢/
2 1.60 + 0.09 3.29+0.06 1.786 +0.183 0.037 +0.002 1.39 + 0.06 3.12+0.10 1.37 + 0.02¢  3.27 + 0.01¢
1.38 £ 0.02¢  3.19 + 0.05¢
3 1.68 + 0.05 3.35+0.04 0.285+0.011 0.006 +0.002 1.70 + 0.07¢ 3.28 +£0.04¢ 1.59 + 0.08%  3.30 + 0.07¢
1.68 £ 0.042 3.36+£0.11f 159 + 0.02°  3.26 + 0.08°
4 ND ND ND ND ND ND 1.82 + 0.13¢ ND
1.82 £ 0.15¢

2The equilibrium constants of hydration K;°°, Ki'°®, and dissociation K,°* and K,™? were determined from measurements of the degrees of oxo and hydrated
forms at different pH values by 'H NMR. Equilibrium constants were calculated using Eqs. (1), (7), and (8), as described above.

bDetermined by the observed chemical shift (8s) of the signals arising from methyl (1), methine (2), and methylene (3) associated with the hydrated and oxo
forms, using 'H NMR. The pK, values were calculated using Eq. (14), as described above.

¢Determined by *C NMR, by &8s of the signals arising from carbon in position 1 (d) and position 2 (e) associated with the hydrated and oxo forms. The pK,

values were calculated using Eq. (14), as described above.
Determined in pure water using methanol as external reference.
&Signal for methylene hydrogens is split into a doublet.
ND, not determined.
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[A7]

~ [HAT + [A] (11)

fa

The mole fractions can then be expressed as a function of
[H*] and the individual acid dissociation constants (K,), as-
suming that activity coefficients are unity:

[H*]
fua = m (12)
K,
ISR 0
and, thus, Eq. (9) can be redefined by Eq. (14):
_ [H*18ga + Kada-
b= TR, a

DOI 10.1002/jps.24539

where the K, value defined in Eq. (14) represents the value
for the specific specie being followed, that is, the hydrated or
oxo form. The pK, values for 1-3 using the fits to Eq. (14) are
also reported in Table 1. One can see an excellent correlation
between the values using both methods.

Concerns about a possible deuterium isotope effect, because
of the presence of 10% D,O in the samples and the use of an
internal standard on the acid—base equilibrium was evaluated.
13C NMR analyses of pyruvic acid (1) at different pH values
were performed in water, no D;O, and using methanol con-
tained in a coaxial cylindrical tube, as an external reference.
The observed chemical shifts (&) of the signals arising from
the carbon in position 1 and 2 associated with the oxo and hy-
drated forms of 1 were plotted against pH and fitted according
to Eq. (14). No significant difference was found between these
values and those determined using 10% D,O and an internal
standard (Table 1).

'H and ¥C NMR spectrum of 4 (Fig. 6) were also analyzed at
different pH values. Because of the complexity of the aromatic

Lopalco et al., JOURNAL OF PHARMACEUTICAL SCIENCES
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Figure 7. Newman projection formulas for a-keto acids 1-3. Each of
the hydrates is drawn in the staggered orientation.

proton signals of the oxo and hydrated forms and the difficulty
to detect the signals arising from the carbon of the hydrated
form at higher pH values (Fig. 6), the determination of Ky
values and the pK, of the hydrated form were not possible.
Only the pK, value of the oxo form, and its standard error,
were determined plotting the observed chemical shifts of the
signals arising from the carbon in position 1 or 2 against pH
and fitting to Eq. (14) (Table 1).

Quantitative *C NMR spectra for 4 did show greater hy-
dration in its acidic form compared with its carboxylate form
(more than 10% of hydrated form was found at pH below 1
and only the oxo form was detected at pH values above 3),
consistent with what was seen for the alkyl substituted a-keto
acids. The loss of the coupling of the m-orbital overlap of the
keto-carbonyl of 4 with the m-orbitals of the phenyl ring on
hydration clearly reduces the degree of hydration for both the
acid and carboxylate forms as compared with 1-3. The steric
effect of the aromatic ring of 4 to the addition of water on the
carbonyl center may also contribute to the shift the equilibrium
of hydration—dehydration to the energetically more favorable
oxo form.

Data showing the shift of the carboxylic/carboxylate carbon
signal for 4 with pH for both the oxo and hydrated species are
shown in Figure 6.

The variation in the degrees of hydration of the carbonyl
compounds 1-3 may be, in part, explained on the basis of the
inductive effect of the groups adjacent to the carbonyl atom (ex-
cept in the case of 3). Methyl and carboxylate groups have a +1
effect, hydrogen has zero I effect, and the carboxylic acid has —I
effect.'® Electron-withdrawing groups adjacent to the carbonyl
group will help promote addition of a water molecule, whereas

Lopalco et al., JOURNAL OF PHARMACEUTICAL SCIENCES
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Figure 8. Newman’s rule of six applied «-keto acids 2 and 3. In the re-
action involving the addition of water to the unsaturated keto function
(carbon 2), compound 3 presents a greater steric effect than 2, because
of the presence of multiple atoms, hydrogens, in the six-position.

electron-donating groups will have the opposite effect. At pH
below 1, as 1 and 2 are approximately 70% and 60% hydrated,
Ky values are greater than 2.3 and 1.7, respectively. The low
value for hydration of compound 3 (Kyx°*° ~ 0.28) is likely be-
cause of steric hindrance to hydration and not purely because of
indicative effects. Inspection of Newman projection (Fig. 7) pro-
vides some insight. In the staggered conformation, the hydroxyl
groups of hydrated 3 will interfere sterically with rotation of the
—CH(CH3); grouping. This limits the number of conformations
that hydrated 3 can take up as compared with hydrated 1 and
2. From entropic considerations, this would result in a more
positive AG° value for the hydration of 3 compared with that
for hydration of 1 and 2.1°

Moreover, the empirical rule of six proposed by Newman to
explain the steric effect of atoms in the six position to the addi-
tion reaction of a reagent across a double bond, may be applied
to the a-keto acids (Fig. 8). If the atoms in 3 are numbered
consecutively starting with the a-carbonyl oxygen as one (the
carbon in o« position is the center of hydration reaction), the
presence of hydrogens in position six must be considered an
important contributory factor to the steric effect.’® This may
help explain the greater degree of hydration of 2 than 3. Al-
though some might consider 2 to be more sterically hindered,
Newman’s rule of six, says the opposite. That is, in the case of
2, it has no “interfering” atoms in position six.

Pyruvic acid (both oxo and hydrated forms) is a stronger
acid than the analogous aliphatic carboxylic acid, propanoic
acid (pK, ~ 4.87), and 2-hydroxypropanoic acid [(£) lactic acid)
(pK, ~ 3.86).2° The presence of the electron-withdrawing sub-
stituents, a-keto group, and the hydroxyl groups (one for the
lactic acid or two for hydrated pyruvic acid) stabilizes the de-
protonated forms (anion) relative to the protonated forms (neu-
tral), as compared with the analogous unsubstituted carboxylic
acid. As expected, compounds 1-3 are stronger acids in the
oxo form than their hydrated analogs (Table 1). The pK, val-
ues at 25°C and ionic strength 0.15 for 1-3 in their oxo and
hydrated forms also showed some variation with chain length
but the effects were relatively mild compared with the effects
on the degree of hydration. Even though, one was not able to
determine the dissociation constants for compound 4 with ac-
curacy, by analogy with compounds 1-3, the pK, value of the
oxo form (pK,°*° = 1.82) is considerably lower than the value
for the hydrated form because of the presence of the electron-
withdrawing c-keto group. Kerber and Fernando!! reported a
pK, value for the oxo form of 4 of 1.3. By analogy with carboxylic
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acids, benzoic acid and acetic acid, the presence of the aromatic
ring enhances the deprotonation of the carboxylic group and
results in a stronger acid, compared with acetic acid.

CONCLUSIONS

A unique application of 'H and *C NMR was used to determine
acid dissociation and hydration equilibrium constants for the
series of a-keto acids 1-3. For 4, the determination of the equi-
librium constants of hydration and the microscopic pK, value
in the hydrated form could not be determined. The pK, value
in the oxo form could be estimated and its overall behavior was
similar to 1-3.
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